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1. Abstract 

Tha emer gi ng field of t e ierobotics places new demands on control system 
archkeeture to aflow both autonomous operations and natural human-machine 
interfacing. The feastoiiity of muWprocessor systems performing parallel control 
computations is reafeable. A practical dfetrtxitton of control processors is presented 
and the Issues Involved in the reafization of this architecture are tSscussed. A 
prototype dual axis controker based on the NOVIX computer is described, and resuts 
of ks implementation are discusse d . Application of this type of control system to a 
repkcatsd. redundant manipulator system is also described. 

2. Introduction 


The development ol the field of telerobotics is presently inks infancy. Driven forward by increasing 
ap pk cafb n demands in space, nuclear, underwater, and battlefield actMUes. this new area of technology is 
rapkfly expanding. The advent of more powerful and cost effective computing tech n ology has provided 
solutions to many of the practical problems posed in the development of telerobotic controls. The 
development of a system that can expand wlh future technological pragmas, slow mukiple programmer s to 
sinukaneousty author code, and provide for autonomy as wel as human control is the chalenge that iss 
Immed Uts ty ahead for NASA. To meet these chalenges requires an open archkedure wkh parakel 
processing performance and the abfity to be organized in a logical hierarchy for future expansion. 
Partitioning of such a hierarchy requites that many questions related to performance, expansion path. 
co mmuni cat ions, and software be ans we re d. 


The first step that must be taken to partkion a telerobotic controker is to define the major control 
actMUes and information flow paths/lrates that are associated wkh those activties. A top level Suing of the 
actMUes that must be performed in a telerobotic controker is given: 

1) Servomechanism control 

At the foundation of any telerobotic controker is the subsystem that must doss the control loop 
around the encoder information and the motor drive ampBier to provide stable, responsive 
operation to input drive comm an d s . TradktonaHy, robotic controls have utikzed poskton as the 
Input command and have sensed position and velocity information to accomplish dosed bop 
control of joint location. Uore recently, developments have been made that akow torque control 
to be performed wkh servomechanisms. Different modes of operation may ba required to 
optimize joint performance tor a given task. This lowe s t level of control requires loop closure 
rales from 10 to lOOOHzdependtog on the Hdekty of control that is desired. 

2) Human-machine oommunbalions. 

The key to flextole and mukiputpose teletobotics is the abtty ol the system Mari ace D be made 
transparent to the human operator. Efficient operation of a telerobot in unanticipated 
applications wit require that the human have luk and natural command of al (unctions ol the 
manipulation system. Improvements in graphic displays, master controller*, force-reflection 
capabilities, and viewing methods wil be required to improve telepresence efficiency. 
Computational burdens associated with real-time graphic displays, controller transformations, 
and system dagnostics can result in slowly responding human-machine interfaces unless 
proper dtotributton of computational requirements is accomplished. 
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3) Sensor Integra ti on. 

A primary key to succ es sful autonomous operations is the ability to acquire and decipher 
sensory information from a number of dtfferent sensory systems. Acquisition and fusion of 
vision, facile, force, and scanning information is computationally intensive. Such sensory 
information must be avalabie at rates of 1 to 30 Hz depentfing on the type and quaity of the 
information. Software to extract information from sensory data is being developed by a nuntoer 
of reseaicheis at many institutions to solve spedfic applcation problems. Such cSverse sensory 
development activities wfll conceivably continue requiring a flextoie, but well documented 
sensory communi ca tions interlace. 

4) ActMty/motfon planning. 

Panning is to robotics as the operator is to teleoperatioa For reliable robotic operations to 
occur, the controller must have the abrtty to inteBgentfy act on high level commands and adjust 
actions accotdfog to information returned from the sensory integration system. ThecapabStyto 
mocSfy actions based on the condfflon of the environment is the key to developing a broad 
range of autonomous capacities wfth the teierobotic controller. Equaly important is the abBy 
of the planner to know when the siuation dictates that external human intervention is necessary 
to circumvent a difficuK sfciation. 

5) Internal operational communicationsAcommon memory manager. 

Sequencing between planned activities and actual movement commands must be 
accomplished in a falsafe manner. The internal communications manager assures that the data 
' transfers between the servomechanism controllers and the common memory data base occurs 
in an organized manner to assure that data coisions are minimized. The common memory data 
base serves as a documentafale map of al defined sensory and control data locations. As such, 
it can provide the ability for a number of software developers to independently work on 
subsections of the code without requiring an entirely functional system. For tong term 
evolutionary development that involves multiple software creators, the strict adherance to a 
documented common block of memory win save much time and effort whfle resuMng in a flexfcie 
■ system. 

6) External coordination comm u ni ca tions. 

To allow multiple manipulation elements to interact, it is imperative that an external 
communications handler be developed to sequence and transfer information from one 
manipulator memory common block to another manipulator memory common block. Language 
and communication rates must be delineated in order that the protocol for manipulator to 
manipulator communications may be determined. 

7) Diagnostic handing. 

Overseeing al of the acthrities that occur within the system, there must exist a diagnostic 
harxSng system. This system monitors the basic functionafity of the system components on is 
lowest level and approves the general logic of activities on is highest level. This system 
dtognoses activities from the concrete (temperature, current trips, enables, etc.) to the abstract 
(coilsion between manipulators is emminent, tool not located, you are attempting to enter a 
restricted manipulation area, etc.) and provides the operator with condition and safety 
information that wil protect vafoabie equipment. 

A control system cfagram that shows the interaction between these various processing centers is 
given in Figure 1 . This control dtotribution process is suggested from personal experiences gained from tw 
a p plica ti o n and development of several control systems applied to force-reflecting teleoperation. Theresul 
of implementation of a decentralized structure is a control system that can expand as improved sensory and 
inteEgence technologies become avalabie. The resuting common block approach also allows actwiy 
defintion at an early stage so that muftipJe integrators can work on the development of control system 
software. The activity within a given control center varies depending of the present mode of operation. 
Local inteEgence attempts to replace human intelligence during autonomous activities. 
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Figure 1. Conceptual layout of the principal control centers for teierobotic control. 


3. Statement of the Problem 

The functions described in the previous section can be accomplished in one or several processing 
systems. The essence of the problem is to determine the number of processors, the links between 
processors, the communications structure, and the upgrade development path that wiH provide the desired 
response, expandabtty, and computational performance required for a diverse and demanding group of 
control tasks to be developed over the next decade. Today's answers to these challenges are nether 
straightforward nor deferrable as the technology wfl surely continue to advance. Certain approaches do 
have merit and should be supported in Sght of past experiences and anticipated advances. 

The first architectural question that must be addressed is one of centraized versus dtetributed 
computation. Centrafized processing refers to the use of a single, or small number of centrafly located 
processors to accompfish al of the tasks descrt>ed in Section 1. Wlh distributed processing, a large number 
of less powerful processors perform multiple tasks simuftaneousJy. There are arguments to be made f .r both 
sides. The use of centrafized processors minimizes the communications and timing requirements and the 
synchronization that must occur if mutipie processors must be utilized. Distributed, parallel processing 
s ys t em s provide enormous oomputationaf capabilities within a volumetricaJy smal package. Hardware that 
uses both methods has been developed by the authors. Figure 2 shows the Model M2 control system that 
was developed at the Oak Ridge National Laboratory in 1982-84. It is a unique example of districted (figital 
control for force reflecting manipulator control Utfizing over 30 microprocessors, this controller provides 
closed loop calculations at nearly 100 times per second. Such cfistribution allows online cSagnostics. high 
speed loop closure, variable operation modes, and programmable operations to be accomplished at the 
servocontroQer level The system has performed very reliably for over 2 years of daily operation. The 
repfication of an identical simple software package in each of the joints made the software development very 
efficient The most complex portion of the control development was the sequencing of inter-processor 
comm u ni ca tions. The greatest benefit of this form of control is the very smal communications cable buncJe 
between the master and the slave system. This system could be readily converted to wireless operation if 
d esi re d . The greatest dfeadvantage to this implementation is the susceptabttty of the control components to 
the erwvonment This imitation can be addressed in future systems. 
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Figure 2. An example of decentralized force-reflecting manipulator control. 


Figure 3 shows a general block diagram ola centralized control system. The control requirements of 
typical non-force-reflecting manipulators (fitter greatly from the M2 because the frequency response is much 
lower. As a resul. a single host processor has the eapabiity to sample, calculate, and control afl of the 
functions at a much slower rate (-10 samples per second). If more diagnostic inteligence or force reflecting 
napaharime are to be added to this system, then the computational power must be increased. AddUonal 
processing power does not linearly improve calcula t ional capabffities specifically because of the time required 
to communicate between computation centers. The REMOTEC RM-10A is an example of a 
non-force-reflecting centralized manipulator control system. The loop closure rate only effects the stiffness 
achievable in the servocontrol. but does not resul in any noticable time delay between the master motion 
and the slave. The utilzation of centraSzed control requires handling of a significant number of signal and 
power leads between the master and the slave system. The length at whchthfe type of system w* function 
is also bitted due to lead resistance effects. The centralized control system is not amenable to wireless 
operation without the total redesign of the control electronics. This is not to say that the system has no 
marts. The centrafized control er provides a cost effective, re Sable means of performing Gritted manipulator 
operations. 

The control systems selected tor the Model M2 and the RM-10A manipulators were designed with 
the ultimate performance of the electromechanical system in mind. Force reflecting systems which require 
high throughputs ot information have one level ol control system calculational requirements. 
Non-force-reflecting systems wih Gritted stiffness have a completely different set of control system needs. 
The design tradeoffs result Irom considerations ol prototype cost, replication cost, performance needs, and 
reUbOty considerations. Both of these systems represent an implementation 11 tor is intended function. 

To determ> « the duties of the control system, the next major concern that must be addressed is one 
of automation versus teleoperation. The course that NASA has laid out makes this determination very dear. 
r is a path that begins with teleoperation and evolves toward robotic operations. This means that the control 
system should be capable of both activties. teleoperation and robotics, and the architecture should be so 
devised as to allow expansion paths for future developments leadng to sensory fusion and autonomous 
operations. The deveiopmert of such a control system wS resul in the implementation of true tola robotic 
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Figure 3. Example of a centralized contra Ber for tele robotic control. 


manipulation systems that work equafy wel under human or computer control. The elements of this type of 
control were shown in Figure 1 . The majority of this paper wifl deal with those elements that are common to 
both approaches, the mukimodal distributed servomechanism controBer. By distributing the lowest function 
and highest throughput level of control, the distributed processing approach wiB assure expandabBly of the 
control system to future chaBenges and needs as they develop. The utilization of a common memory system 
allows definlion of the present variable domain and can provide expansion to future variable domains. 

4. Description of the Servomechanism Control System Architecture 

The architecture of the servocont rollers in many ways determines the future expandabitty of the 
manipulator control system. While high level machine decisions are computationaBy intensive, the output 
data that results seldom has as high a bandwidth as the information passage between joints tor mastedstave 
operation. Sensory integration systems may have very high input data rates, but may only have fimftedoutput 
needs. For example, a vision sensory/dedphering system has extremely high input bandwidths, but its 
output may be limited to geometric descriptions of the objects in the frame of view. Simiarfy, an operations 
planner may work on very large data bases, but its output results in high level commands that are not 
communications intensive (scan the past history of successful operations then determine the next step 
needed to accomplish a given task). The following is a description of the bottom-up approach focusing on 
the specific task of self-cfiagnosing servomechanism control capable of multiple modes of operation. 

A prototype dual axis servomechanism controller has been developed with funding from the 
Department of Energy. The controller has l he capability of acquiring data, receiving commands, and 
performing control activities for two servomotors. A detailed hardware description of the device is given in 
Section 5. The purpose of this development is to allow co- location of the controls with the motors to 
minimize cable handling problems, minimize the effects of environmental electrical noise, distribute the 
control complexity to Is most fundamental level, and provide a system that is re&able and easily maintained. 
The resuting archlecture is given in Figure 4. Each of the dual axis controllers shares a common serial 
communications bus and power bus. This yields a system that can be expanded significantly without 
experiencing cable handling problems that so often affect reliability. Using high speed serial 
communications, the serial bandwidth is sufficient to handle between 10 to 20 dual axis controflers. This 
architecture makes ^configurable manipulation readable for special applications targeted at space 
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Figure 4. General aichiedure lor manipulator control using dual axis controflers. 


construction and ground mai nte na nce. Major subsections ot the dual axis control* are the processor, the 
input interface, the output interface, and the two ampBfiers. 

Each dual axis controler has a unique communi ca tions address and can respond independently to 
data requests made from a communications control processor. This processor sequences the data flow 
between dual axis controBers and the common memory area alowing dual ported access to the real time data 
co looted and processed by other processing centers. The resut is a high speed serial communications 
structure for the servomechanism control that is expandable to accomodate additional sensory and planning 
systems. The Kay to the success of this arcMoctura is maintaining high bandwidth for the communications 
between dual axis controllers for teleoperation while alowing provisions for external computer control to 
sequence autonomous movements. The overhead associated with sequencing the dflferent dual axis 
controflers must be kept to a minimum in order that the serial link between controBers hmairtain a high 
thro u ghp u t rate. 

The human-machine interface represents the high level side of the manipulation control system. 
During teleoperation, the human performs the functions of sensory integrator, planner, and instigator of 
activities while the computer performs the role of diagnostician, monitoring the condition ot the system 
hardware. The major activities are completely inverted during autonomous activities as the computer 
senses, plans, and implements motions while the human is placed in a postion ot supervision for the activity. 
This inversion of responsfcOties is accompanied by an inversion of the internal computer communications 
requ i rement s . During tsteopsration. sensory processing systems and task planners are not needed to their 
ful extent, but the comm un i ca tions path between the master and the slave needs to be left unimpaired to 
provide responsive force reflecting operation. Figure 5 shows the differences in the principal 
comnx jn ic a tions flow paths dependfog on the type of operation that is occurring. 

5. Hardware Implementation of the Dual Axis Controller 

A functional block (flagrant of the dual axis controler is shown in Figure 6. The major components 
Indude the processing system (Novix mi croprocessor), the input/output interface, the communications 
interlace, and the ampBier system. These components work together to provide stable, rruKimodal control 
of a dual axfe manipulator element. Operating modes that are ether functional or under development 
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Primary *ctlv* i lwrun ta during autonomous tasks. Primary acthra ala m ants during tstooparatsd tasks. 


Figure 5. Main active elements (or robotic and teleope rated control 


indude: position-position control wth velocity feedforward, position control with integration, velodty control, 
intermediate path generation between communication intervals, torque control, joint initialization, and 
internal diagnostics. In essence, this controller accomplishes at aspects of basic servomechanism operation 
and diagnosis. The Novix computer forms the foundation of this system, and it wl be described in detail. 

The Novix computer represents a new generation of microprocessor hardware. This processor is 
designed in its internal architecture to execute a high level language (Forth) as its ’assembly* language. The 
result is a processing system that is extremely efficient, independent, and compact. Since other popular 
processors (Motorola 68000 series. Intel 8088 series, etc.) operate in assembly languages from which higher 
level languages are constructed, the speed with which the Novix runs Forth programs approaches an order 
of magnitude increase over these other systems. This result occurs even though the present Novix 
configuration operates at a considerably slower dock cycle (4MHz versus >lOMHz). This phiosophy of 
developing a microprocessor engine that executes a language, rather than a machine level instruction set. is 
a concept that will certainly spread to future microprocessor architectures. 

The Novix is available on cel fcraries and can be integrated with other standard ceil devices to allow 
microcontrollers for specific appications to be developed. The potential for intelligent sensors, miniature 
sarvocont rollers, parallel processing/transputing nodes, and powerful man-machine interface drivers is 
quiddy becoming a reality. Some ol the more impressive features o< the Novix microprocessor indude: 

1) Executes 8 mflDcn operations per second of high level codes. 

2) One-cyde local memory access. 

3) One-cyde multiplication and division instrudions. 

4) One-cyde subroutine (word) nesting. 

5) Executes most Forth primatives in a single machine cycle. 
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Figure 6. Dual axis controller functional rfagram. 


The dictionary structure of the Forth language allows the development of libraries of specific 
appfcatbnal words to be shared between progr a mmers on simflar systems. I also encourages top-down, 
bottom-up. or middte-out prog ra mm i ng. This alow* planning of the software functions to be accompfished 'in 
a number of ways afawing future s oftware expansion capabB ti es. Figure 7 shows the hardware reaEzation of 
this system in prototype form. A volumetric reduction of 50% wl be accompished to co-locate the motors 
and oorfroiers within the ioint module. 
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Figure 7. Dual axis controller prototype hardware. 
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6. Element for the Advanced TeleRobot (ATR) 


The dub axis controler slows the co-location d controls and mechanisms into an entirely moctolar. 
s#V-contained uni. Tha advantages of this design and construction are numerous. Fust, each module can 
be raplcatsd and uffzed as a shoulder, afcow, or wrist joint. The shared power and communications keeps 
the cable handbig at a minimum. The ki ne ma tic nature ol the element allows reconfiguration ol foe joint 
moMons to alow muUple kinematic construction to be accomp8shed(Le., optimized kinematic anangemems 
lor various task requirernents). Remotely mated mechanical and electrical connections alow quick 
modWc a tion from one kinematic form to another. The basic mechanical element provides dual axis 
manipulation fiat can Bl 30 pounds at 50 inches. Each element weighs less than 17 pounds. For ground 
based appications. a method ol mechanical andfor electrical counterbalancing can be provided. The unit is 
b a ctaHvabto at a pproxi ma tely 20% ol peak bad. Thbalows compliant operation when toe system bunder 
external loads The dual axis manipulator element is shown in Rgura 8- Tha efemait is so versatite Vatican 
be uOfaed as a camera panWK device, a camera posboning device, and arm joint, or a torso poslioner. More 

data! on both themechanfcal and electrical i mpto m ant a ttons can be obtained from Vie reports “Analysis and 
Design Enhancements lor the Advanced Servomaniputator' and Using the NOVIX Computer tor Control ol 
Redundant Teleoperaled and Robotic Manipulators' performed for the Unled Stales Department o I Energy. 



Figure 8. Dual axis manipulator element implementatioa 


7. Summary 

A discussion of servomechanism control techniques tor telerobotic systems has been presented 
and a brief review ol two control approaches was given. The attributes of centralized and decentralized 
control were discussed from a perspective of applied experience. The reasoning behind the dual axis 
controler was developed and the general archleaure reviewed. The actual implementation hardware for the 
dual axis controler has been accompfished and software tor servocontroi has been generated. The dual axis 
manipulator element capable ol redundant, replicated kinematic construction was introduced, and a 
functional prototype was desertoed. These efforts represent a significant effort to move tele robotics ahead 
to meet future chalenges for DOE. NASA, and the DOD. The approaches are novel and taka a large step 
toward a reliable, inexpensive, and adaptable mechanical and el ectrica l manipulation system. Incremental 
improvements were avoided . and completely new ways of accomplishing the objectives of remote 
manipulation were sought. The admirable performance of the prototype controls and mechanisms holds 
promise for future systems implementation. 
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